Abstract: This paper presents an application of solid Oxide fuel cell/Stirling system for the aviation applications. Exergy and exero-economic are applied to enhance the understanding of the system performance. Among various kinds of fuel cells, the one with anode and cathode recycling unit is more complex and more effective. Here, a combined cycle based on a methane-fuelled SOFC and a Stirling engine is proposed and analysed. EES is used to simulate the system and analyse the results. Results show that with the integration of Stirling engine to the SOFC, exergy efficiency increases about 13.66%. Results also demonstrate that air heat Exchanger, SOFC and afterburner have the highest exergy destruction respectively. In addition, exergo-economic results show that the highest and the lowest exergo-economic factors are for the SOFC stack (77.93%) and AHX (2.269%) respectively and thus exergy destruction rate in AHX and investment costs in SOFC should decrease.
Introduction
The world population is increasing and the need for energy, water, food and land has attracted ample attention. Energy has been always the first priority for human beings and power generation has been always highlighted as the significant items. Considering the importance of power generation, the environmental impacts of various methods of power generation is still facing several challenges. Indeed, nowadays using renewable energy along with high-efficiency technologies, as well as waste heat recovery options, is an optimum alternative in order to the reduction in the consumption of fossil fuels (Stambouli and Traversa, 2002; Gholamian et al., 2016) .
Generally, a fuel cell is an electrochemical device that converts chemical energy directly into electrical energy with high efficiency and very low levels of NO x and So x emissions. In these cells, the fuel and oxidiser (e.g., normally oxygen which is taken from the air) react catalytically in parts on separate electrodes, the anode and the cathode. Another benefit of the fuel cell for power generations is the vibration-free behaviour. This characteristic is promising for application such as transportation and aviation where the noise reduction and comfortability are significantly vital. Also, these systems operate in the form of vibration-free and this issue eliminates noise during generating power (Singhal, 2000; Landau et al., 2010) .
In this paper, we focus on the importance of using fuel cells for aviation applications. Fuel cell-powered aircraft have introduced themselves as a long-term interest for the aviation industry as their potentials to improve the performance and reducing the environmental impacts. Replacing hydraulic or pneumatically driven components in avionic applications means that more electric aeroplane must be developed by the aircraft industry. The application of fuel cells in aeroplanes was first proposed by Seidel et al. (2001) . The main reason for introducing fuel cell technology is its high efficiency. The first proposals included hybrid systems consisting of high-temperature SOFCs and gas turbines with efficiencies higher than 70% (Rössler et al., 2010) . With growing knowledge about fuel cell systems and the necessity for a fuel conversion process, system efficiencies of 40-50% were reported as more realistic (Peters and Westenberger, 2010) .
In the field of energy production, SOFCs are one of the most efficient types of fuel cells. Nowadays, Solid oxide fuel cell (SOFC) stacks and Stirling engines are used in the power plants, and scientists try to integrate these two new technologies into a unit system, combining the profits of each system to design a new technology. Also, it should be noted that rate of pollution is reduced with integrating two cycles (Calise et al., 2006) . In solid oxide fuel cell systems, exhausted gases from the stack can be used in waste heat recovery cycles. Nowadays, combining these systems with other power generating systems can increase the system efficiencies and decrease costs of power generation.
The Stirling engine is both practically and theoretically a simple cycle, reliable and safe device which was invented by Robert Striling in 1816 (Wang et al., 2016) . Generally, the engine operates on a closed thermodynamic cycle, which consists of four internally reversible processes. These engines are classified in four types, including kinetic, thermos-acoustic, free-piston, and liquid piston types, among these four types, kinetic Stirling engines and thermoacoustic engines have the highest efficiency (Wang et al., 2016) .
Stirling cycle is mainly of theoretical interest as examples of cycles that display the same thermal efficiency as the Carnot cycle. These engines have higher efficiency and lower CO 2 emission as long as the combustion does not take place inside the cylinder. Also, energy is transferred to the working fluid from products of combustion, which are kept separate. It should be noted that these engines are external combustion engines (Landau et al., 2010) . In theory, the main advantages of Stirling engines are their use of an external heat source and their high efficiency. Stirling engines are able to use solar energy, the exhausted heat of stacks in SOFC systems, or any heat sources that can come from renewable sources of energy (Kongtragool and Wongwises, 2003) .
Hauptmeier et al. studied a solid oxide fuel cell system for biogas utilisation in sewage plants from the point of view Economic assessment and showed that these systems save economically about 3000 EUR per kW (Hauptmeier et al., 2016) . Hosseinpour et al. (2017) are analysed energy and exergy of a combination of a solid oxide fuel cell and Stirling engine. Their results show that after the combination of such systems, the energy efficiency of the combined system is increased about 24.61% and it reaches to 76.32%. They investigated that by increasing solid oxide fuel inlet temperature, exergy efficiency of the integrated system increases to its highest value of 56.44% then decreases their works flaw was not considering exergoeconomic results and not using a high-efficiency fuel cell as cathode and anode recycling fuel cells. studied the thermodynamic and exergo-economic of an integrated system of Stirling engine, biomass gasification and solid oxide fuel cell. The results show that electricity production cost is 0.1204 $/kWh and hot water costs are about 0.0214 $/kWh. In addition, the results of the study indicate that by combining the solid oxide fuel cell and Stirling engine, the integrated system can easily compete with other renewable-based systems with the same size. Ahmadi et al. (2013) have applied a multi-objective optimisation of solar dish-Stirling engine by using an evolutionary algorithm. Their results show that Stirling engine efficiency varies between 40-45% and dish Stirling efficiency varies between 35-40%. Xiao et al. (2017) studied the optimisation design of a Betha type Stirling engine with computational fluid dynamics. After optimisation, they have reported up to 2% in thermal efficiency would be increased. In addition, they concluded that if the dead volume of cooler, heater and regenerator of Stirling engine decreases by 42%, 24% and 54% respectively, the Stirling engine will produce 80 W higher power. Colmenar-Santos et al. (2016) are analysed the thermoeconomic and thermodynamic of energy recovery system of biogas coupled with Stirling engine.
They reported that the highest irreversibility takes place in the boiler as combustion and a high-temperature difference between the streams take place in the boiler. They have conducted the study in adiabatic and non-adiabatic process and concluded that the results are similar for both processes. Their exergetic analysis show biogas has the highest exergy (14,264 kW) . And their exergoeconomic analysis show steam production in boiler costs about 0.7065 $/h.
In another study, Rokni studied a municipal solid waste (MSW) gasification plant integrated with SOFC which is combined with a Stirling engine to retrieve the energy of exhausted gases from the SOFC cycle stack. He concluded that the gasification process combined with SOFC and Stirling engine would cause an increase in generated electricity up to 50% (Rokni, 2015; Hosseini et al., 2013) .
Ebrahimi and Moradpoor investigated the performance of a combined solid oxide fuel cell, micro-gas turbine and organic Rankine cycle for power generation. The results showed that the integration of these three cycles results in an increase in efficiency of the up to 61% and the system can save fuel up to 45% with routine procedures of generating electricity (Ebrahimi and Moradpoor, 2016) . Gadsbøll et al. (2017) studied an external heat source and a Stirling cycle for the performance improvement of a direct carbon solid oxide fuel cell system. The results showed that the power density and efficiency of the proposed system are larger than the stand-alone (Xu et al., 2017) .
Rasmus et al. examined a Solid oxide fuel cells powered by a commercial gasifier and showed that electric efficiencies raise up to 63%. Peters et al. (2013) studied the evaluation of multifunctional fuel cell systems for aviation using a multistep process analysis methodology. They showed that this technology is preferable for short-range missions. The evaluation also shows that kerosene-based HT-PEFC systems are a better choice for medium-to long-range missions. Fernandes et al. (2015) studied a comprehensive simulation and exergy analysis on the use of biomass-derived liquid-hydrogen for SOFC/GT powered aircraft. Results showed that the SOFC/GT system provides considerable higher exergy efficiency when compared to the competing propulsion systems whereas the conventional hydrogen liquefaction process induces significant exergy destruction, generating inefficiency in the entire power chain. Correa et al. (2015) analysed the sensitivity analysis of stack power uncertainty in a proton exchange membrane (PEM) fuel cell-based powertrain for aircraft application. They tried to show a method to estimate the reliability of an aircraft power system based on a hydrogen fuel cell, mainly for design purposes. The most important advantage of their proposed method was the low computational effort. The result was a ranking of the most critical sensors to be considered in the design phase of the power system and demonstrate that accurate temperature sensors and sensor calibration are of dramatic importance for the control of the stack power, in case of powertrain based on PEM fuel cell systems. Romeo et al. (2013) have designed a transport aircraft powered by fuel cells. They have performed a flight test of zero-emission 2-seater aircraft. The results show that during the 6 flights, a rotational speed of 84 km/h was obtained. Gang et al. (2017) have simulated a hybrid power strategy using fuel cells and solar cells for high endurance aerial vehicles. The battery connected to the solar cells was charged by the solar modules while the fuel cell provided the power necessary to satisfy the load; in turn, the replenished battery could increase the operation time. Therefore, the proposed method of integrating a solar cell system with a fuel cell system is a good candidate as a green energy source and has numerous advantages over purely solar or fuel cell systems. Cruz Champion et al. (2017) have studied the cathode exhaust gas dehumidification by integration of a multifunctional fuel cell into civil aircraft. The results show that the target average O2 concentration of 10.5% (vol.) is maintained at stoichiometries below λ O2 < 1.8. Guida and Minutillo (2017) have designed a methodology for a fuel cell powered in a more electrical aircraft. The results show that the advantages of the PEM fuel cell application in a more electric aircraft; as a matter of fact for assigned mission requirements, according to the specifications defined in the Long Endurance Demonstrator (LED) project promoted by CIRA (Italian Aerospace Research Centre), the specific energy of the designed power system results to be equal to 0.51 kW h/kg. This value is very interesting if compared to the specific energy of commercial LiPo batteries characterised by 0.2 kW h/kg.
In the present research study, a hybrid Stirling engine/solid oxide fuel cell with anode and cathode gas recycling unit with methane fuel for the aviation application is presented the results are discussed in details. In summary, the main objective of this work is pointed out as follow:
• Implementing a Stirling engine to exploit the waste heat of the SOFC and produce power.
• Utilising waste heat recovery from the fuel cell in order to achieve higher efficiency.
• Using solid oxide fuel cell with both anode and cathode gas recycling unit for better performance.
• Applying exergy analysis as a potential tool to address the location where the improvements are required. Applying Exergoeconomic to the system to link thermodynamic performance with an economic evaluation of the system. Figure 1 shows a schematic diagram of the proposed system for the aviation applications. Methane as a fuel for the fuel cell is passed through the fuel compressor. The fuel compressor is used to overcome the pressure loss during passing the gas from fuel cell and ducts. After state 6 the fuel is passed through the fuel heat exchanger and the temperature rises until it goes through anode mixing unit. After mixing with recirculated gas (i.e., state 11b) the mixed gas enters the anode of the fuel cell. Air at environmental condition passes through an air compressor leaves the compressor and enters an air heat exchanger (AHX) where the temperature increases. Air at state 3a is mixed with recirculated gas from the cathode at cathode mixing unit. After electrochemical reaction takes place in the fuel cell stack, unburned gasses at state 12b enter the after burner and burns with excess air from cathode entering the after burner (state 4a). The hightemperature hot product gases pass through the fuel heat exchanger and air heat exchanger respectively. The exhaust gas leaving the heat exchanger is hot enough to be utilised in a Stirling engine for a waste heat recovery process. Thus, the hot exhaust gas is used in the Stirling engine as a hot heat source, before releasing to the atmosphere. Several assumptions are made in order to render analysis more traceable as follows:
System description
• air is treated as the ideal gas with 21% oxygen and 79% nitrogen
• all gases are treated as ideal gases and follow the ideal gas formulas
• the analysis is carried out under thermodynamic equilibrium and steady-state conditions
• changes in kinetic and potential energies are neglected
• no heat loss is assumed from the fuel cell
• contact resistances in the fuel cell are negligible
• unreacted gases are assumed to be fully oxidised in the afterburner
Mathematical modelling
In this section, thermodynamic and economic detailed-analysis of the proposed system is presented.
Energy analysis

SOFC system
For an SOFC system either an external or internal reformer can be employed. In the present work, an internal reformer is considered, as it is less costly than external reforming and provides additional cooling for SOFC stack (Ranjbar et al., 2014; Yu et al., 2011) . The SOFC stack contains a bundle of many single cells to step up voltage output and electrical power. Electrochemical reactions in the fuel cell stack are of particular attention because their performance relies on different parameters such as cell operating temperature, pressure, gas composition, cell geometric parameters, electrochemical parameters and current density. In a single cell, the electrochemical reaction as given by equation (1) occurs by absorbing hydrogen and conducting oxygen ions (Akkaya et al., 2007) .
For a given molar conversion rate of Z r for this reaction, the equilibrium constants for reforming and shifting reactions in SOFC internal reformer are expressed as follows (Gholamian et al., 2016) : 
Current density is a key parameter in the stack performance. It is a function of the reacted hydrogen amount and can be expressed by Faraday's law (Ranjbar et al., 2014; Akkaya et al., 2007) :
where A c is the cell active area, N c is the number of cells in the stack, F is the Faraday constant and n e = 2 is the number of electrons produced per hydrogen mole. Using the fuel utilisation factor, U f , the amount of reacted hydrogen in electrochemical reaction is calculated as: 
The electrical power generated by the SOFC stack can be expressed as follows (Ranjbar et al., 2014) :
In this equation, V c is the cell voltage given by (Ranjbar et al., 2014) :
V N expresses the reversible cell voltage obtained from Nernst equation (Yu et al., 2011; Yan et al., 2013 ):
where T is the SOFC operating temperature, (Akkaya et al., 2007; Yan et al., 2013) :
The equations used to calculate the Ohmic, activation and concentration polarisations can be found in the literature (Kuchonthara et al., 2003; Zhao et al., 2015; Jia et al., 2010) . For validation purposes, the results of present work are compared to that reported by Tao et al. (2005) . Table 1 shows that error of power density and a cell voltage of present work and literature is no more than 4.6%.
Stirling engine
Instead of considering Stirling as the core of the system, the pseudo-Stirling cycle for more reality and higher accuracy is considered (Sánchez et al., 2009) . Stirling output power of the integrated cycle can be written as follows: 
Polytropic efficiency that is used to calculate the power of Stirling can be expressed (Rokni, 2013) :
RV and str ε are reversibility factor and efficiency of the heat exchanger inside the Stirling engine, respectively. γ Considered constant and ζ is (Rokni, 2013 
And the T heater, gas can be written as follows (Rokni, 2013): heater,gas heater,wall high 
Other system components
For other system components such as heat exchangers, compressors and pump the mass and energy balance equations are as following (Yu et al., 2011) : 
Exergy analysis
In order to evaluate the working potential of the system, exergy analysis should be performed (Guida and Minutillo, 2017) . This method of analysis is able to reveal important information about the location, cause and true magnitude of loses within the system (Ahmadi et al., 2011) . Like energy, exergy has several important parts where physical and chemical exergy are the most significant ones for assessment of thermal systems. If potential and kinetic exergies are considered negligible, the exergy rate of a stream can be as (Jia et al., 2010) :
Chemical and physical exergies for ideal gas mixture can be expresses as follow (Dincer et al., 2017; Akkaya et al., 2008; Bejan and Akkaya, 1996) :
, ( . l n )
here, S is the specific entropy at the given condition, n is the molar flow rate of the stream substance, ch ex is the reference specific chemical exergy, x i is the molar fraction of the i th component and subscript °denotes the environment condition.
Exergy destruction rate can be defined for any component as subtraction of inlet exergy and outlet exergy as:
Exergo-economic analysis
It seems that investigating the performance of a system without looking at its product cost will not be accomplished. Integration of economic point of view with thermodynamic provides stronger results and enhance the understanding of the system. The exergoeconomic method was initially introduced by Tsatsaronis et al. (1993) . It gets the interest of researchers who use this method to analyse the thermodynamic systems from the economic point of view. The purpose of exergo-economic analysis for a system is to disclose the cost formation processes and calculate the cost per unit exergy of the product streams. To calculate the cost of each unit exergy stream, the cost balance equation along with the required auxiliary equations are applied to each component of the systems. For a system component receiving thermal energy and generating power, the cost balance is written as:
where, c is the cost per exergy unit and Ex is the total exergy rate. In equation (35), is , k PY Z the appropriate charge due to capital investment and operating and maintenance expenses for each component in a reference year. Note that, the cost of the system components which are available in an original year is converted from that original time to the same reference year (i.e., 2013 in this study) with the help of chemical engineering plant cost index (CEPEI) (Yari et al., 2016) .
Cost index for the reference year Cost at reference year = Original cost × Cost index for the original year Or:
The term k Z in equation (38) can be calculated as (Bejan and Akkaya, 1996) :
where ϕ is the maintenance factor, N is the operating hours in a year and CRF is the capital recovery factor, which can be expressed as (Mehr et al., 2013) :
Here, i r is the interest rate and n is the system life. The input data used in economic evaluations along with the cost and auxiliary equations for each component of the systems is gathered in Table 2 . Source: Soltani et al. (2013) , Siefert and Litster (2014) and 
Cost evaluation
The exergo-economic evaluation of the systems is carried out using the thermoseconomic variables, namely, the unit cost of the fuel (c F , k ), the unit cost of the product (c P,k ), the cost rate of exergy destruction ( DK C ), the cost rate of exergy loss ( iK C ) and the thermos-economic factor (f k ). These parameters are calculated using the following relations (Bejan and Akkaya, 1996) :
( is considered to beconstant)
Also, it is assumed that the unit cost of the fuel is an input in calculating the unit cost of the streams.
Performance evaluation
In order to evaluate the system performance using the first and the second law of thermodynamics, the equations for SOFC and hybrid SOFC/Stirling system are defined as follow: 
Results and discussion
The results of the exergy and exergo-economic of the system for aviation application is presented here. The results are presented in the following sub-sections:
Parametric study results
The effect of major design parameters such as current density, fuel utilisation factor and stack temperature difference on the system performance and enhanced system performance (hybrid SOFC/STIRLING) is presented in detail. Figure 2 shows the effect of increasing the current density on the second law efficiency of SOFC system and hybrid system. Looking at Figure 2 , it can be concluded that with an increase in the current density of the SOFC stack, exergetic efficiency decreases. This is because of the fact that increasing J in equation (4) causes an increase in reaction rate z which results in more H2 in the equation (1). Increasing the H2 results in a decrease in efficiency. It's because when the current density increases, the higher mass flow rate is needed and according to equations (35) and (36) efficiency decreases. Another important conclusion of this figure is that hybrid system has higher efficiency rather than a single SOFC system. Looking at Figure 2 , we can see that and increase in the current density of the fuel cell results in a reduction of exergy efficiency for both SOFC and SOFC/Sterling systems however the reduction percentage of exergy efficiency for SOFC is approximately 10% while this reduction for SOFC/Stirling is approximately 19%. It is seen that when the current density is 6000 (A/m 2 ) the efficiency of hybrid system is 13.66% higher that single SOFC system. Another significant parameter affecting the performance of the system is the fuel utilisation factor which is shown in Figure 3 . It is seen than while changing the fuel utilisation factor from 0.75 to 0.87, exergetic efficiency reaches a maximum point which can be considered as the optimised cases. For the hybrid system, the maximum exergy efficiency is 55.93% which occurs at U f = 0.813. This values for the single SOFC system is 42.47% which is at U f = 0.8151. the fact that this figure has maximum is because of the reason that increasing fuel utilisation factor causes an increase in mass flow rate of the fuel and then the power needed to run the fuel compressor increases which overcomes the increase of power by fuel cell stack and. So after the figure reaches a maximum it experiences a decrease. The effect of stack temperature on the performance of the systems is shown in Figure 4 . As it is shown in this figure, a decreases in the stack temperature results in a decrease in both SOFC system and SOFC/Stirling hybrid system. This is mainly due to the fact that the higher the temperature difference, the higher the entropy generation which causes the irreversibilities within the system. Increasing the stack temperature difference from 100 to 150 results in a decrease in the exergetic efficiency of SOFC and hybrid system to 2.97% and 2.09% respectively. The effect of other two important parameters (i.e., fuel utilisation factor and current density) on the unit product cost of electricity is shown in Figure 5 . Both vertical axes show unit product cost of electricity while the bottom x axis show variation of the current density and top x axis is related to the fuel utilisation factor. It can be seen from Figure 5 that an increase in the fuel utilisation factor results in an increase in the unit product cost of electricity continuously. In addition, another important conclusion that can be made from this figure is that unit product cost reaches a minimum with increasing the current density which has a great engineering design value. This minimum occurs at j = 7048 (A/m 2 ) which gives the unit product cost of 17.97 ($/GJ). Another important parameter which can affect the system performance is cathode and anode recycling ratio. The variation of this parameter and its effect on the exergy efficiency of hybrid and single system is shown in Figure 6 . Both vertical axes show exergetic efficiency while the bottom x axis show the variation of the anode recycling ratio and top x axis is related to the cathode recycling ratio. The figure shows that with increasing the anode recycling ratio the hybrid systems exergetic efficiency increases while with increasing cathode recycling ratio the systems efficiency reaches a maximum at R AR = 22.48 which is 55.88%. This is due to the fact that increasing recycling ratio decreases in cell voltage and required fuel flow rate. And because the decrease of fuel flow rate dominates the efficiency increases. 
Exergy analysis results
In order to evaluate the irreversibilities within the system, the second law analysis is applied to each system component. The exergy destruction rate for each component as well as exergy loss of the proposed system is illustrated in Table 3 . Referring to this table, the highest and second highest exergy destruction rate belongs to AHX and SOFC along with after burner respectively. This is because in the after burner and SOFC all three sources of irreversibilities (i.e., chemical reaction, mixing and temperature difference) exist. In addition, due to a high temperature difference in the air heat exchanger, the irreversibilities in this component have the highest value. Table 4 shows the exergo-economic analysis results for the hybrid SOFC/Stirling system. The last column of this table is exergo-economic factor. The low value of this factor calculated for a major component suggests that cost saving in the entire system might be achieved by improving the component efficiency (reducing the exergy destruction rate) even if the capital investment for the component will increase. However, the exergoeconomic factor is not sufficient to explain if a component has to be modified or not. As an example, even if a component has a really small value of exergo-economic factor, (i.e., suggesting, therefore, its substitution with a component of higher performance and higher cost) if the same component elaborates a quantity of fuel which is negligible (i.e., when exergetic factor has a low value), it is not worth at all to substitute this component with a better one. The reason for this phenomenon is because its 'exergy role' on the system is simply negligible. The most important components to discuss are the components elaborating a large amount of inlet fuel (so, which have a high value of exergetic factor):
Exergo-economic and thermophysical analysis results
only in their case it is interesting to analyse the values of their exergoeconomic factor. Referring to the first column of Table 4 among the components with higher inlet fuel exergy (e.g., SOFC stack, after burner, air heat exchanger respectively), the SOFC stack has the highest exergoeconomic factors (77.93%), and the AHX has the lowest exergoeconomic factors (2.269%), respectively. Therefore, for this system, on the one hand, engineers should focus on reducing the investment and operation costs of SOFC stack and on the other hand, they are to reduce the costs associated with exergy destruction for the AHX. Additionally, thermophysical properties of the proposed system are tabulated in Table 5 . 
Conclusion
In this paper, an efficient system in aviation application is proposed. Comprehensive thermodynamic and thermoeconomic analysis of the proposed hybrid SOFC/Stirling system is analysed in detail and results were presented. The effect of key design parameters on the system performance is investigated. Parametric studies revealed that the stack temperature difference and the current density along with the fuel utilisation factor have a crucial effect on system performance. Additional conclusions can be summarised as follows:
• Hybrid system has 13.66% more exergetic efficiency than the single SOFC system.
• AHX, SOFC and afterburner have higher exergy destruction rate.
• Exergoeconomic analysis revealed that the SOFC stack and the AHX have the highest (77.93%) and lowest (2.269%) exergoeconomic factors, and therefore, for this system, on the one hand, engineers should focus on reducing the investment and operation costs of SOFC stack and on the other hand, they are to reduce the costs associated with exergy destruction for the AHX.
• Parametric studies show that for certain values of fuel utilisation factor the efficiency reaches a maximum.
